Background: Photodynamic therapy (PDT) offers the potential for enhanced treatment of nonmelanoma skin cancer (NMSC) with minimal scarring. Yet, PDT has not achieved consistent long term effectiveness to gain widespread clinical acceptance for treatment of skin cancer. Therapeutic response varies between practitioners, patients and lesions. One important contributing factor is the absence of quantitative tools to perform in vivo dosimetry. To this end, we have developed a new quantitative imaging device that can be used to investigate parameters related to optimizing dosimetry. Methods: We present a spatial frequency domain imaging (SFDI) based device designed to: (1) determine the optical properties at the therapeutic wavelength, which can inform variations in light penetration depth and (2) measure the spatially resolved oxygen saturation of the skin cancer lesions and surrounding tissue. We have applied this system to a preliminary clinical study of nine skin cancer lesions. Results: Optical properties vary greatly both spatially [101%, 48% for absorption and reduced scattering, respectively] and across patients [102%, 57%]. Blood volume maps determined using visible wavelengths (460, 525, and 630 nm) represent tissue volumes within $1 mm in tissue (1.17 AE 0.3 mm). Here the average total hemoglobin concentration is approximately three times greater in the lesion than that detected in normal tissue, reflecting increased vasculature typically associated with tumors. Data acquired at near infrared wavelengths (730 and 850 nm) reports tissue blood concentrations and oxygenations from the underlying dermal microvasculature (volumes reaching 4.36 AE 1.32 mm into tissue). Conclusions: SFDI can be used to quantitatively characterize in vivo tissue optical properties that could be useful for better informing PDT treatment parameters. Specifically, this information provides spatially resolved insight into light delivery into tissue and local tissue oxygenation, thereby providing more quantitative and controlled dosimetry specific to the lesion. Ultimately, by optimizing the execution of PDT, this instrument has the potential to positively improve treatment outcomes. Lasers Surg. Med. 45:207-215. ß 2013 Wiley Periodicals, Inc.
INTRODUCTION
Nonmelanoma skin cancer (NMSC), which includes basal cell carcinoma (BCC) and squamous cell carcinoma (SCC), is the most common type of skin cancer in humans. Approximately 13 million white non-Hispanics living in the United States at the beginning of 2007 have had at least 1 NMSC [1] . While most NMSCs are treated surgically, those who suffer from Neviod basal cell carcinoma syndrome or those who are immunocompromised, including those who are organ transplant recipients can develop many, relatively large lesions at high frequency [2] [3] [4] . For these groups, standard treatments are not practical or advantageous, due to the sheer number, size, and frequency of occurrence of these lesions over a lifetime. PDT can fill an immediate and significant need within these populations. Furthermore, NMSC lesions commonly occur in cosmetically sensitive areas, including the face, for which therapies, such as PDT, that minimize scarring, are attractive [5] . Finally, for subjects already having one NMSC, there is a high probability of others developing in the surrounding tissue [6] . Given selective sensitization and destruction of diseased tissue associated with PDT, it is considered by some to be an ideal form of therapy [7] .
Small studies exploiting PDT for the treatment of BCC's have shown fair success [8] [9] [10] [11] . However, a systematic review of randomized controlled trials performed as of 2004 indicated that there was little research available to support the use of PDT for BCC; the authors concluded that there was "comparatively high recurrence rates with PDT when compared to other treatments" (e.g., relative to surgical excision, there is a 4.4Â higher rate of recurrence using PDT) [12] . A recent 72 patient study, however, suggests that PDT using 5-aminolaevulinic acid provided a similarly high efficacy to that of surgery for BCC with better cosmetic outcomes [13] . Similar results have also been reported when SCCs are considered for PDT [14] [15] [16] , suggesting that broad discussions of PDT efficacy in skin could be directed towards generalized NMSCs. While PDT has the potential to become an effective treatment modality, further rigorous and quantitative study is needed to isolate the causes and potentially address this inconsistent performance.
One area that has continually been cited as a high priority requirement in order for PDT to gain acceptance is the development of tools to perform in vivo dosimetry. Related to this, there is a simple model that indicates a relationship between the drug concentration, light exposure and tissue oxygenation where a particular photodynamic result can be achieved over a range of light/drug combinations [17] . These parameters, however, are dependent on local details of physiology and these can vary within an individual lesion and certainly between different lesions from different subjects. In the absence of in vivo dosimetry, the standard method to control the photodynamic dose is to specify the amount of photosensitizer applied to the tissue which is used in conjunction with a fixed light irradiance over the entire treatment area within a fixed amount of time. Under ideal circumstances this may work, but PDT studies indicate a considerable variation in the treatment response [18] . Three major sources of variation have been identified and these are likely to influence outcome. These include: (1) photosensitizer uptake variations [19] , (2) tissue optical properties and tumor geometry [20] , and (3) tissue oxygenation levels during treatment [21, 22] .
Methods for in vivo dosimetry for characterizing and monitoring PDT have been in development for a number of years, however, thus far, these systems have been fiber based and thus sample only a small region of tissue, without providing detailed spatial information [23, 24] . Spatial frequency domain imaging (SFDI), which is the basis of the technology presented in this paper, has the potential to provide spatially resolved dosimetry information from a lesion, and surrounding tissue. Specifically, SFDI is a method of determining the optical properties of tissue in a non-contact, reflectance geometry. SFDI has distinct advantages over other optical techniques in that it is (1) quantitative in its determination of absorption and reduced scattering as well as tissue chromophores including oxy and deoxyhemoglobin concentration and it is (2) an image based approach which allows for high resolution ($50 mm) lateral imaging at the surface of tissue, over relatively large fields of view (several to tens of cm), with the ability to detect subsurface optical properties to millimeters depth [25] .
In this paper we will describe a new SFDI instrument specifically designed for quantative studies of in vivo skin and skin cancer. While other investigations have been published using SFDI instrumentation that either (1) use LEDs as illumination sources [26] , (2) span visible and near infrared regimes [27, 28] , or (3) collect fluorescence images [29, 30] , this instrument integrates all three aspects into a single, unified imaging platform. In addition, we report results from a small scale study involving human subjects in which we demonstrate the ability to assess the spatial and inter-subject variation of optical properties at the PDT treatment wavelength from in NMSC lesions. We also illustrate the capacity to quantify spatially resolved tissue oxygenation within these lesions.
MATERIALS AND METHODS

Instrumentation and Testing
We designed and fabricated a combined quantitative imaging and PDT treatment system specifically to investigate factors that affect dosimetry. This instrument uses five different LEDs, centered at 460, 525, 630, 730, and 850 nm to provide interrogation of tissue at discrete wavelength bands, where each LED has a spectral bandwidth of 10-15 nm, full-width, half-maximum. These wavelengths have been selected to quantify the concentration of oxygenated and deoxygenated hemoglobin in both visible and near infrared wavelength regimes, described in more detail in later sections of this paper. The spatially resolved optical properties determined at 630 nm also provide insight as to how the treatment light (typically ranging from 630 to 640 nm, depending on the specific photosensitizer product used) will interact with the tissue region of interest. All light sources are computer controlled and can be sequentially projected through the imaging/treatment head of the system to illuminate a 40.5 mm Â 30 mm area of tissue.
In the imaging/treatment head, a digital micromirror device (DMD; DLP developers kit, Texas Instruments) system is used to project structured patterns of light from each of the LEDs onto the tissue. Details related to how this pattern-encoded illumination approach (SFDI) can determine the optical properties of tissue will be explained in more detail in the next section. In addition to providing a source of spatially modulated illumination as is used in SFDI, the DMD is used to correct spatial variation in the light in the plane of the tissue, ensuring that the intensity of illumination is homogeneous across the field of view.
Conjugate to this image-based projection system, a CCD camera (Lm135, 12 bit Monochrome, Lumenera) is located within the imaging/treatment head ( Fig. 1 ). This monochromatic CCD is employed as an imaging detector with a coincident image plane and field of view to that of the projected spatially modulated illumination. A polarizer/ analyzer pair is placed in front of the projection and detection systems, respectively, in order to block specularly reflected light. Additionally, while not employed in this study, a long pass filter can be placed in front of the camera, enabling this imaging system to capture fluorescence as well as tissue reflectance. We have recently published a description of a method to determine photosensitizer concentration in phantoms and in skin using fluorescence imaging and details are described in Saager et al. [31] .
Custom built data acquisition software and firmware have been developed to control the LED light sources, DMD and camera. The data acquisition user interface, written in C#, enables the user to easily manipulate the selection of spatial frequencies and to control the drive current delivered to each LED.
Reflectance Image Acquisition and Data Processing
In reflectance mode, each LED is serially triggered and directed to the DMD via a fiber bundle. A sinusoidal pattern is projected at three spatially off-set phases (08, 1208, and 2408) for each spatial frequency. This cycle is repeated for each LED.
By demodulating the three phase images for a given LED and spatial frequency, the AC component to the diffuse reflectance can be extracted. We have demonstrated that SFDI can uniquely separate absorption from reduced scattering coefficient by modeling the change in this AC component of diffuse reflectance as a function of the spatial frequency projected on the tissue [32] .
The wavelengths selected for this particular instrument span both visible and near infrared regimes. Scattering dominates absorption in the near infrared regime in tissue (m 0 s ) m a ), which permits the use of the diffusion approximation for modeling of light transport in tissue [33] . This is not the case in the visible, where absorption and scattering are within the same order of magnitude. To this end, Monte Carlo based models have been developed to model light transport in tissue in nondiffusive regimes. For all data collected from the instrument developed here, a scaled, homogeneous Monte Carlo model was used to model the spatial frequency dependent tissue response in both visible and near infrared regimes. The performance of this Monte Carlo model approach in both visible and near infrared regimes has been demonstrated elsewhere [34] .
Imaging of NMSC Lesions
NMSC lesions from eight subjects (nine lesions total) were imaged in this study, under IRB approved protocol #HS2008-6439. Under this protocol, subjects were admitted if they had either biopsy confirmed BCC or a suspect lesion that was believed to be NMSC based on clinical judgment. The latter were subsequently biopsied after being imaged by our instrument. The cohort with biopsy confirmed BCC underwent surgical removal as the size of the identified lesion was larger than that of the confirming biopsy. All lesions were ultimately confirmed as either BCC (six lesion) or SCC-in situ (three lesions). Table 1 summarizes the information related to the lesions that were imaged. It is worth noting that the lesion sites of this initial study were limited to the torso, back and extremities due to the ease of accessibility for the current instrument build. We acknowledge that NMSCs do also occur in regions with more complex imaging geometries, such as the head and neck. Newer instrumentation is in development that will account for these complex geometries and has recently been applied to quantitative imaging of the face [26] .
Each lesion was imaged with the SFDI instrument operating in reflectance mode. This included images at all five LED wavelengths, with six spatial frequency illumination projections (ranging from 0 to 0.5 mm À1 ), where each individual frequency was projected at three spatially shifted phases (08, 1208, and 2408). This acquisition sequence, which is described in detail elsewhere [32] , resulted in a stack of 90 images and required a total of QUANTITATIVE REFLECTANCE IMAGING10-15 seconds to complete. Total acquisition times varied from subject to subject as a consequence of the autoexposure function of the system that was designed to optimize the dynamic range of the camera. A reference measurement of a solid tissue simulating phantom, having known optical properties was also collected at the time of measurement for instrument calibration [32] . Figure 2 illustrates the spatially resolved results measured at 630 nm (an example of a PDT treatment laser wavelength) from one example lesion (BCC). Though this may not be a direct comparison between imaging modalities, little contrast is evident in the dermoscopic image of the lesion (Dermlite Foto, crossed-polarized three color digital image), whereas the quantitative absorption and reduced scattering maps reveal structural heterogeneities that may significantly impact the therapeutic light transport in tissue. This will be discussed further. Table 2 summarizes the average and range of optical properties detected within the lesions imaged at 630 nm. These optical property maps were spatially filtered using a 3 Â 3 pixel median filter to ensure that range of optical properties reported here are not due to any single pixel noise artifacts, but rather reflect the actual range of properties within the tissue.
RESULTS
Spatial and Subject Variation in Optical Properties
In general, the average range in spatially resolved absorption coefficient values relative to the mean absorption coefficient of that specific lesion and surrounding tissue was AE101% and the reduced scattering coefficient varied spatially AE48% relative to the tissue average reduced scattering coefficient value. We refer to this as the intra-subject or spatial variability in optical property, as this captures the variability in optical properties within each lesion. When comparing the average tissue optical properties across the group of lesions measured here, there was a wide range of values recorded; absorption coefficient varied AE102% and reduced scattering coefficient varied AE57%. We refer to this variation as the inter-subject variability in optical property, as this captures the differences in the average optical properties from patient to patient.
Using the optical penetration depth metric, d ¼ ð3m a ðm a +m 0 s ÞÞ À1=2 [20] as a rough estimate for penetration of 630 nm light in tissue, we can infer how the localized optical properties of these lesions will affect the delivery of therapeutic light dose. d is defined as a one-dimensional estimator that describes the depth in tissue at which the light fluence rate drops to 1/e (36.8%) of its incident fluence rate. This metric is empirically determined from the absorption coefficient, m a , and the reduced scattering coefficient, m 0 s . These are the same tissue optical parameters that are extracted from the SFDI measurements at each individual wavelength. Here, across all subjects, the average penetration depth is 3.27 mm with a standard deviation of AE1.19 mm, however when looking at the spatially resolved ranges, these values can vary by an order of magnitude (from 0.89 to 12 mm).
Impact of Biopsies
Ideally, we would image lesions in the absence of perturbation. However, it is typical that a biopsy is done on suspect lesions in order to confirm the diagnosis. In the course of this study we imaged several lesions that had been biopsied several weeks in advance of imaging. To that end, we were able to observe perturbations in the tissue optical properties that have the potential to alter the light dosimetry, if not addressed. Figure 3 shows the reduced scattering coefficient maps from four lesions imaged postbiopsy, overlaid by the location where the biopsies had been taken. The lesions in Figure 3 , top left and right, which extended beyond the area where the biopsies were taken, indicate a distinct region of decreased scattering that correlates with the biopsy site. This result suggests that the biopsy may cause a disruption of the dermal bed and thereby alter how the therapeutic light may travel through the tissue; in this particular case, permitting it to travel deeper into tissue. In Figure 3 (bottom left and right), however, there are distinct regions of increased scattering around the periphery of the biopsy site. This may be attributed to the proliferative phase of a wound healing response [34] .
Mapping Oxygen Saturation Figure 4 shows an example of spatially resolved total hemoglobin concentration and oxygenation from a BCC region for both visible and near infrared wavelengths. Chromophore concentrations were calculated separately for these two regimes since the optical properties vary greatly between the visible and the near infrared. In particular, in the visible wavelength regime (460, 525, and 630 nm), both reduced scattering and absorption coefficient values are much higher ($3Â and 10Â, respectively) in tissue than those encountered in the near infrared (730 and 850 nm) [27] . As a result, visible light does not interrogate as deeply as near infrared and the measured absorption values represent chromophores more superficially present in tissue. As expected, the overall concentration of hemoglobin is lower when calculated using data obtained from visible wavelengths, since these wavelengths access only the blood from the microvasculature near the papillary dermis, targeting primarily the properties within the lesion itself. On the other hand, near Infrared wavelengths interrogate several millimeters into tissue and thus the measured hemoglobin concentration in this wavelength range contains contributions from both the lesion and the volume of tissue underlying the lesion. Concentration values for both hemoglobin species reported from the near infrared wavelengths are in good agreement with those published in literature for blood concentration and oxygenation in skin [35] . Table 3 provides a summary of average concentration and oxygenation values from the lesions and adjacent, clinically normal tissues. When visible wavelengths are used, total blood volume determined from regions within lesions are approximately three times greater than the surrounding clinically normal tissue. This is an indication of superficial vasculature in the lesion that may be correlated with angiogenesis. Within the cohort of lesions imaged post-biopsy, the observed increase in oxygen saturation may also be due in part to wound vascularization related to healing. Total hemoglobin and oxygenation values derived from near infrared wavelengths are much more consistent, indicating that these values, in the context of superficial lesions, primarily come from the normal vasculature beneath the lesion. It is anticipated that more invasive tumors will present in the near infrared data as well. To help support this claim, the estimated penetration depth each regime of light (visible or near infrared) interrogated into tissue is included, using the same method of estimation mentioned above [20] . While the average penetration depth varied from subject to subject, in general, visible light interrogated 1.17 AE 0.3 mm into tissue and near infrared interrogated down to 4.36 AE 1.32 mm.
DISCUSSION
We have developed a quantitative imaging system to determine the optical properties of NMSC and to spectroscopically monitor tissue oxygenation supply via determination of blood and oxygen concentration in tissue microvasculature.
This study was conducted in order to validate the performance of a SFDI system and technique to characterize in vivo skin prior to PDT treatment. The results presented here reveal large spatially resolved heterogeneities as illustrated in Table 2 , reinforcing the importance of quantitative imaging techniques like SFDI for pretreatment planning. While the thickness of BCC lesions can range in millimeters [36] , the differences in penetration depth shown in this initial study illustrate the profound impact this variance in optical property can have on the delivery of a therapeutically effective light dose throughout the relevant volume of tissue. The most extreme variation in optical properties occurred in the subset of lesions which were imaged after biopsy, despite the fact that biopsies were done several weeks in advance of imaging. For this group, the large variability in scattering can also have direct implications to the penetration depth and dosimetry of therapeutic light. Given this result, therapeutic light penetration may be limited to only superficial tissue, particularly in the regions of high scattering associated with the proliferative granulation phase of wound healing [34] . Without a priori insight into the penetration depth of the therapeutic light, there is the potential for deeply embedded cancer cells to never receive sufficient light dose [37] , leaving them untreated and potential viable to continue growth. Likewise, in regions where the optical properties are low, light delivery might be too high; in this case, the local oxygen supply may be depleted too quickly, resulting in the insufficient generation of oxygen radicals in effected cells.
It is worth noting that the penetration depth metric used here is based on a homogeneous model and will not account for depth resolved heterogeneities, under planar illumination conditions. This metric was employed for its simplicity to illustrate the effect of the large variance in optical properties may impart on light delivery. Full threedimensional models of light transport and more precise metrics, such as those developed by Carp et al. [38] that corrects the penetration depth metric in non-diffuse optical regimes, to translate the spatially resolved optical property data in to rigorous, quantitative models for volumetric therapeutic light dosimetry. Also, a dedicated study of biopsied lesions would be warranted to conclusively understand the dynamics of the wound healing response in these lesions and potential impact it may have on successful PDT treatment.
The study presented here has also demonstrated the capabilities of this instrument to provide spatially resolved tissue oxygenation. This is done by carrying out using a standard least-square fit approach relying on a priori knowledge of the extinction coefficients of the chromophores that contribute to the detected signals in the visible and near infrared wavelengths ranges (i.e., oxy-and deoxyhemoglobin as well as melanin). From the multispectral aspect of this quantitative optical instrument, it is possible to generate spatially resolved maps of blood concentration and oxygenation in the capillary bed of skin tissue. Though microvascular oxygenation of hemoglobin may not be a direct measure of intracellular oxygen concentration, it does hold a strong correlation to it. This relation has been extensively studied and modeled [21, 22, 24] . The key distinction between the use of visible and near infrared wavelengths to characterize hemoglobin concentration lays with the characteristic depth these wavelength regimes interrogate in tissues such as skin. Scattering within bulk skin tissue is three to four times stronger in the visible wavelength regime than what is typically found in the near infrared. Similarly, absorption coefficient is nearly an order of magnitude stronger in the visible than in the near infrared. As a result, SFDI derived quantitative absorption values in the visible typically reflect chemical properties of the skin approximately within the first millimeter of tissue, whereas absorption coefficient values obtained based on near infrared wavelengths reflect the composition of volumes of tissue that lie deeper, within a few millimeters [27] . This differentiation in interrogation volumes by employing visible wavelengths versus near infrared wavelengths suggests that visible wavelengths can be used to report the blood oxygenation within the volume of tissue containing the lesion, the near infrared wavelengths can be used as an indicator for the blood oxygenation and supply beneath the lesion.
Visible wavelengths are also more greatly affected by the presence of epidermal melanin. Though NMSC is typically present in primarily fair skinned individuals, melanin may influence the total absorption of the light used to interrogate the tissue. Using both visible and near infrared absorption values to fit for blood and melanin presents the opportunity to model tissue oxygenation with some depth resolution [27] , but also isolate and remove the effect of melanin.
In addition to a large range of spatial variation in optical properties measured using this instrument, we also observed a large range of variation in optical properties between patients. Given that the range in variation here was similar to that measured in terms of the intra-patient spatial variation in optical properties; this initial finding indicates the potential impact that inter-subject variability could have on an uninformed PDT treatment regimen. The question remains as to whether this inter-and intrasubject variation, though relatively large, would have any significant impact on the outcome of PDT treatment. Since this system is designed to deliver controlled, spatially resolved light in order to measure the optical properties of skin, our system is also capable of determining and delivering controlled, spatially resolved treatment light dose.
To date, the SFDI instrument described here has been used to characterize the optical and physiological properties of BCC and SCC lesions prior to treatment. This has provided some initial insight into the performance of the instrument and the range of optical properties present within these lesions. In a separate study, we have also examined this instrument's ability to determine photosensitizer uptake and concentration through a quantitative fluorescence imaging approach [31] . However, PDT is a dynamic process. The next critical step to validate this instrument is the verification of its ability to detect dynamic changes in oxygenation and characterize the depletion and repletion rates of tissue oxygenation as well as optical properties of tissue and photosensitizer concentration during treatment. These steps are planned for the next phase of study.
CONCLUSION
An LED-based SFDI instrument has been designed with clinical deployment and accessibility in mind and has therefore incorporated consumer grade components, such as LED's to manage the overall instrument costs. Initial system performance indicates that this instrument is capable of determining optical properties of tissue that are relevant to modeling light transport of therapeutic light in affected tissues and the quantification of blood concentration and oxygenation in the dermal microvasculature. We have demonstrated that for superficial BCC and SCC measured in vivo, considerable spatial and inter-subject variation exists. Furthermore, local oxygen saturation for lesion and adjacent tissue has been determined using SFDI and the variations in depth distributed oxygen saturation can be assessed by comparing oxygenation results obtained at visible (<1 mm) and near infrared (>1 mm) wavelengths. As an aggregate, the information provided by SFDI has the potential to inform PDT treatment parameters, thereby providing more quantitative and controlled dosimetry specific to the lesion. Ultimately, by optimizing the execution of PDT, this instrument has the potential to positively improve treatment outcomes.
